One-dimensional AlN nanowires/tubes were exploited as hydrogen storage media. The adsorption of atomic and molecular hydrogen on AlN nanowires was investigated by using density functional theory computations. Hydrogen atoms prefer to adsorb on top of neighboring threefold-coordinated N and Al atoms in pairs. A hydrogen molecule, however, prefers to adsorb on top of threefold-coordinated Al atoms in the nanowire surface, with an adsorption energy of 0.21 eV. H 2 dissociation is exothermic in the surface of AlN nanowires, and the dissociation barrier is rather low (0.76 eV), indicating that chemisorption is a feasible route for hydrogen storage in AlN nanowires/tubes. A maximum 3.66 wt% of molecular and 2.44 wt% of atomic hydrogen can be stored in AlN nanowires/tubes.
Introduction
Globally, the utilization of fossil fuels has been causing serious air pollution and enormous release of greenhouse effect gas. Also, the reserves of unrenewable fossil fuels are limited in the Earth. Therefore, searching for an abundant, renewable, and especially clean, alternative energy resource is urgent for mankind. Hydrogen is a promising clean energy carrier and has been attracting much interest from the scientific community, governments and enterprises [1] . However, a hydrogen economy has not come into being. One of the primary technical challenges is the lack of an economic, effective and safe hydrogen storage medium. The US Department of Energy (DOE) has set the gravimetric density of 6.0% in 2010 and 9.0% in 2015, and volumetric capacity of 45 g l −1 in 2010 and 81 g l −1 in 2015 for usable specific energy from H 2 [2] . To achieve this goal, hydrogen storage media should only be considered among systems composed of light elements. Complex hydrides such as alanates, amides/imides and borohydrides can release highly available hydrogen that meets the US DOE target, but there are still crucial problems to solve [3] . Hydrogen storage is not prospective in either carbon [4] [5] [6] or BN nanotubes [7] [8] [9] [10] [11] [12] . Metal-organic frameworks (MOFs) are proposed for hydrogen storage [13, 14] ; however, the binding between H 2 and MOFs is very weak (the highest observed dihydrogen adsorption enthalpy is −13.5 kJ mol −1 (0.14 eV)) [15] and the storage capacity in available MOFs is too low.
Hydrogen trapping in materials originates either from van der Waals (vdW) interactions (physisorption or molecular adsorption, binding energies <0.1 eV) or from chemical bonds (chemisorption or atomic adsorption; binding energies of an individual H atom in the range of 2-3 eV have been computed for carbon materials [16, 17] ). Obviously it is difficult to obtain high hydrogen storage capacity only by physisorption; however, chemisorption is not feasible for the stored hydrogen to be released at medium conditions since the binding energies are too large. Accordingly, much recent research has focused on obtaining ideal binding energies (approx. 0.2-0.4 eV, 20-40 kJ mol −1 ) between H 2 and hosts, which allow reversible uptake and release of molecular hydrogen under conditions suitable for practical applications (in the temperature range of −20-50
• C and moderate pressures (maximum 100 atm)) [18] . Metal-decorated nanostructures [19] [20] [21] [22] [23] [24] [25] [26] [27] are proposed for such purposes. For example, Yildirim and Ciraci have predicted that up to 8 wt% hydrogen storage with a binding energy of 0.18 eV/H 2 can be achieved in titanium-decorated singlewalled carbon nanotubes (SWCNTs), due to the strong binding between titanium and hydrogen [19] . Zhao et al [20] predicted that some organometallic buckyballs, such as C 48 B 12 [ScH] 12 , can store up to 9 wt% hydrogen under mild conditions. However, it is energetically favorable for metal atoms to cluster on fullerenes or nanotubes, thus resulting in a significant reduction in hydrogen storage capacity [28] [29] [30] . Recently, Meng et al proposed metal-diboride (MB 2 ) nanotubes as a potential hydrogen storage medium [31] , where the metal atoms are a natural part of the tubular structures, and there is no problem of metal clustering. For example, the TiB 2 nanotubes show a hydrogen storage capacity of 5.5 wt% with binding energies of 0.2-0.6 eV [31] . However, these ideal materials have not been realized experimentally [32] [33] [34] .
Recently, one-dimensional (1D) AlN nanowires/tubes have attracted much research attention due to their excellent properties [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . AlN nanowires/tubes have a ∼6.2 eV bandgap [47] and small values of electron affinity (ranging from negative to ∼0.6 eV) [48] , which suggests them as having promising applications to nanoelectronics. AlN nanowires/tubes also have a large surface-to-bulk ratio, and the compositions of AlN nanowires/tubes, N and Al, are both light elements. Moreover, the Al and N atoms in the surface of AlN nanowires/tubes are all threefold-coordinated with dangling bonds, and can serve as active sites for hydrogen adsorption. Very recently, Lim and Lin [49] studied the hydrogen chemisorption on single-walled AlN nanotubes by means of density functional theory (DFT) calculations. However, single-walled AlN nanotubes are energetically unfavorable compared with other 1D nanostructures such as faceted AlN nanotubes [43, 44, 50] , and the experimentally obtained ones are faceted nanotubes [36] . In this work, we carried out DFT computations to explore the possibility of using AlN nanowires/tubes as hydrogen storage media.
Computational methods
The models of hexagonal single-crystal AlN nanowires were constructed from the experimental wurtzite structure ( figure 1(a) ). The AlN nanotube model adopted in our studies was faceted with double atomic layers ( figure 1(b) [51] to get equilibrium geometries, total energies and electronic band structures. Electronic exchange correlation was treated using the generalized gradient approximation (GGA) with the PW91 functional [52] . For comparison, some computations were repeated using the local density approximation (LDA) with the PWC functional [53] . Self-consistent field (SCF) computations were performed with a convergence criterion of 10 −6 au on the total energy and the electron density. In particular, when the number of hydrogen atoms in the supercell is odd, spin-unrestricted computations were adopted. During the geometry optimization, the positions of all the atoms in the supercell were fully relaxed and three k-points were used to sample the 1D Brillouin zone. Afterward, band structures were computed with 21 k-points based on the most stable equilibrium structures.
The adsorption energies (E ads ) for hydrogen atoms and molecules were calculated using total energy computations and defined as
where E (AlN−nX) , E AlN and E X stand for the total energy of the hydrogen-adsorbed AlN nanowire/tube, the pristine nanowire/tube and the hydrogen atom or molecule, respectively, and n stands for the number of adsorbed hydrogen atoms or molecules. By this definition, E ads < 0 corresponds to exothermic adsorption leading to minima stable towards dissociation into AlN nanowires/tubes and hydrogen.
Results and discussion

H 2 adsorption in AlN nanowires
Firstly, we investigated molecular hydrogen adsorption on the surface of AlN nanowires. Several possible H 2 adsorption 
sites were considered, including the top of surface threefoldcoordinated Al and N atoms, the center of a groove and the center of a vacancy. Figure 2 displays the optimized structures and the associated H 2 adsorption energies. Among the four stable configurations, H 2 adsorption on the top of an Al atom (figure 2(a)) is energetically more preferred, since H 2 can serve as electron donor and H 2 prefers to attach to the electron-deficient site at Al. A similar result was obtained in our previous theoretical studies of NH 3 adsorption on AlN nanowires [43] and BN nanotubes [54] . The H 2 adsorption energy for the most stable configuration is −0.21 eV (GGA) and the LDA result is −0.40 eV, located in the suitable energy range (0.2-0.4 eV) for hydrogen storage. It is widely regarded that LDA usually overestimates the dispersion interaction, while GGA normally underestimates this effect and gives lower adsorption energies. Therefore, the real adsorption energies may lie between the LDA and GGA results. The bond length of an isolated H 2 is calculated to be 0.75Å at the GGA/PW91 level, which agrees well with the experimental value (0.741Å). In figure 2(a), the Al-H (the nearest H of the H 2 molecule) distance is 2.22Å and the H-H bond length is elongated to 0.76Å. To show the interaction between H 2 and AlN nanowires, the difference in the electron density between the total system and those for separate AlN nanowire and H 2 subsystems is also shown in figure 2(a). H 2 is polarized, with electron density accumulation on the side close to the AlN nanowire and depletion on the side away from the nanowire. There is about 0.08|e| charge transfer from H 2 to the AlN nanowire according to the Hirshfeld charge population analysis. The above results reveal that, when an H 2 molecule is adsorbed on top of an Al atom, there is mainly electrostatic interaction between H 2 and the AlN nanowire. Therefore, the computed adsorption energy of H 2 in an AlN nanowire is much larger than that of H 2 adsorption in SWCNTs and BN nanotubes at the same theoretical level [10] .
For H 2 on top of an N atom (figure 2(b)), the adsorption energy decreases to −0.11 eV, and the optimized distance between N and the nearest H of the H 2 molecule is 2.81Å. For H 2 adsorption on top of a groove (figure 2(c)) and the center of a vacancy (figure 2(d)), the adsorption energies are both −0.13 eV, and the average distances between the atoms in the groove and vacancy and the nearest H atom of H 2 exceed 3.2Å. In these cases, the lengths of H-H bonds remain unchanged without any charge transfer.
To determine the theoretically possible hydrogen storage capacity, we have performed computations with increased numbers of hydrogen molecules. Here we used an AlN nanowire unit cell which contains 24 Al atoms and 24 N atoms. First, 12 H 2 molecules were added to the supercell. All H 2 molecules were placed on the top of surface threefoldcoordinated Al atoms. The optimized structure is shown in figure 3(a) . The computed adsorption energy is −0.22 eV/H 2 and the average Al-H and H-H lengths are 2.22Å and 0.77Å, respectively, similar to the single H 2 adsorption. Then we added six more H 2 molecules to the grooves and vacancies of the nanowire ( figure 3(b) ), which yielded an average adsorption energy of 0.19 eV/H 2 . If further H 2 molecules were added, part of the molecules escaped from the AlN nanowire surface. Hence, according to our computational results, intrinsic AlN nanowires can be responsible for a 3.66 wt% storage capacity of molecular hydrogen. In particular, the molecular hydrogen adsorption energies are located in the range which allows both adsorption of molecular hydrogen and its release at ambient temperature and pressure, and thus is suitable for practical applications.
Chemisorption of hydrogen atoms on AlN nanowires
Chemisorption of atomic hydrogen is also important for highcapacity hydrogen storage. Firstly, we studied a single hydrogen atom adsorption on the surface of AlN nanowires. A hydrogen atom was initially set to possible sites on the surface of AlN nanowires. Besides on top of the surface threefold-coordinated Al and N atoms, the surface fourfoldcoordinated Al and N atoms, the groove and the vacancy center were also considered. However, after full relaxation, only the former two sites are energetically favorable as local minima. The optimized structures and corresponding adsorption energies are displayed in figure 4. According to our results, atomic hydrogen adsorption is exothermic on top of surface threefold-coordinated Al and N atoms, with adsorption energies of −1.21 eV and −1.88 eV, respectively. The most favorable adsorption energy of an H atom in the AlN nanowire (−1.88 eV) is less than in the (9, 0) SWCNT (−1.97 eV), but much larger than in the (9, 0) BN nanotube (−0.28 eV) [10] . H adsorption on top of an N atom is energetically more favorable than on top of an Al atom.
We also investigated the structural deformation of AlN nanowires upon hydrogenation (figure 4). After hydrogenation, new covalent chemical bonds form between hydrogen atoms and the attached Al or N atoms, and the lengths of newly formed Al-H and N-H bonds are 1.62Å and 1.03Å, respectively. Upon hydrogenation on the N site, the Al-N-Al bond angles in the AlN nanowire surface involving the H-adsorbing N atom change from 104.9
• , 108.5
• and 107.0
• to 104.2 • , 109.5
• and 112.8
• , respectively (figure 4(a)); upon hydrogenation on the Al site, the N-Al-N bond angles involving the H-adsorbing Al atom change from 104.6
• , 107.0
• and 104.0
• to 116.6
• , 113.9
• and 118.7
• , respectively (in figure 4(b) ). The H-adsorbing Al atom moves outwards by 0.4Å whereas the position of the H-adsorbing N atom is almost unchanged upon hydrogenation. The above results reveal that, when H is adsorbed on top of an Al atom, the AlN nanowire undergoes a more pronounced local structural deformation than for that on top of an N atom. Moreover, N-H bonding is stronger than Al-H bonding; therefore, the configuration of H adsorbed on top of an N atom is more stable than that of H adsorbed on top of an Al atom, which is reflected in the computed total energies. In previous theoretical studies of hydrogen adsorption on BN nanotubes, H prefers to adsorb on top of a B atom, and H adsorption on top of an N atom is endothermic [10, 11, 55] . The difference is attributed to the fact that conversely there is more pronounced structural deformation due to the H adsorption on top of an N atom than on top of a B atom in BN nanotubes.
Hydrogen adsorption on top of an N atom induces a half-occupied donor level near the conduction band minimum (CBM) and the nanowire is changed into an ntype semiconductor ( figure 5(b) ). About 0.21|e| charge is transferred from an H atom to an AlN nanowire. To clarify the origin of the induced donor level, we also computed the electron density isosurface of this donor state. As shown in figure 5(d) , the donor level is mainly concentrated on the nearest-neighboring Al atom of the H-adsorbing N atom in the c direction.
When increasing the coverage of H atoms, a number of possible configurations were considered in light of the above findings for a single H atom adsorption. Among the local minima shown in figure 6 , the most stable configuration is that two H atoms are adsorbed on top of adjacent Al and N along the c direction (−2.91 eV/H), followed by two H atoms on adjacent Al and N sites along the basal plane (−2.84 eV/H). These two configurations are more favorable energetically than the case with two H atoms attached to two N sites as far as possible (−2.03 eV/H). As discussed above, when one H atom is adsorbed on the top of an N atom, a half-occupied donor level is introduced and the level is dominated by the adjacent Al atom of the H-adsorbing N atom in the c direction. Therefore, when the second H atom is introduced, it should interact with this Al atom first. This is quite similar to the cases for H adsorption in BN and SiC nanotubes [56, 57] . In the most stable configuration ( figure 6(a) ), the distance between two hydrogen atoms is 2.66Å and the newly formed Al-H and N-H bonds are 1.60Å and 1.03Å, respectively. The chemisorption of two H atoms induces slight changes to the band structure of an AlN nanowire; only an impurity level appears near the top of the valence band maximum (VBM) and narrows the bandgap ( figure 5(c) ).
To explore atomic hydrogen adsorption at high coverages, 24 hydrogen atoms were added to the AlN nanowire unit cell. H atoms were placed on top of surface threefoldcoordinated Al and N atoms. In the optimized atomic structure (Al 24 N 24 H 24 , figure 7 ), the average Al-H and N-H lengths are 1.60Å and 1.03Å, respectively. The computed adsorption energy (−3.10 eV/H) is larger than the adsorption energies of a single H atom (−1.88 eV/H) and two H atoms (−2.91 eV/H). Thus atomic hydrogen adsorption is also feasible to achieve a 2.44 wt% hydrogen storage capacity.
In particular, based on the above studies, we find that the total adsorption energy (−5.82 eV) of two H atoms in figure 6(a) an H 2 molecule and an AlN nanowire is exothermic. The same is true for the case that 12 H 2 molecules react with an AlN nanowire. No hydrogen atoms are present in hydrogen gas and it is quite difficult to dissociate H 2 with a bond energy of 4.56 eV. The dissociation of hydrogen molecules on perfect BN and carbon nanotubes is endothermic [16, 55, 58] . In contrast, H 2 dissociation in an AlN nanowire is allowed thermodynamically, as shown below:
(2) The dissociation of molecular hydrogen on the AlN nanowire is not only a thermodynamic process, but also a kinetic process. It is necessary to understand the dissociation path of H 2 on an AlN nanowire and the energy barrier for dissociation. Hence, we computed the minimum energy path (MEP) for the entire H 2 dissociation process on the AlN nanowire surface using the nudged elastic band (NEB) method [59] implemented in the DMol 3 package. The H 2 -adsorbed AlN nanowire ( figure 5(a) ) is chosen as the initial state (IS) and the AlN nanowire chemisorbed with two hydrogen atoms ( figure 6(a) ) is chosen as the final state (FS). To ensure getting the correct MEP, 11 image structures, which were fully optimized during the NEB computations, were inserted between the initial state and final state (figure 8). In the transition state (TS), the H-H bond distance increases to ∼1.09Å. The computed energy barrier for H 2 dissociation on the surface of an AlN nanowire is 0.76 eV, much lower than that of H 2 dissociation on the tube wall of (10, 0) carbon nanotubes (3.42 eV) [16a] and (10, 0) BN nanotubes (2.2 eV) [55] , computed at the same theoretical level. Conversely, for H decomposition from the nanowire, an energy barrier of 1.80 eV should be overcome. The decomposition process is endothermic and can only be realized under special conditions, for instance, high temperatures:
Consider the thermodynamic equation:
Here H
• dec is the negative standard enthalpy of hydride formation ( H • f ) of AlNNW − 2H, and was taken as the computed total energy difference between reactant (AlNNW − 2H) and products (AlNNW, H 2 ), S
When the value of G
• dec falls below zero, the reaction is thermodynamically allowed to occur. According to equations (3) and (4), we deduce that H atoms can be removed from AlN nanowires at least at 930 K and 1210 K, respectively, for the lowest and highest hydrogen coverage. Thus, using chemisorption to store hydrogen in AlN nanowires is not practical.
H 2 storage in AlN nanotubes
Finally, some important issues should be specified. Obviously, with the increase in nanowire diameter, the ratio of surface threefold-coordinated atoms of AlN nanowires will decrease accordingly. However, other AlN nanostructures, such as AlN faceted nanotubes, also hold the potential for hydrogen storage. Here we used an AlN nanotube unit cell to explore the hydrogen storage in AlN faceted nanotubes. The supercell contains 48 Al atoms and 48 N atoms. The adsorption energies for a single H 2 molecule on the outer and inner threefold-coordinated Al atoms are −0.19 eV and −0.13 eV, respectively. For a single H atom on the outer and inner threefold-coordinated N atoms, the adsorption energies are −2.17 eV and −1.95 eV, respectively (see figure S1 available at stacks.iop.org/Nano/20/215701). Then 24 H 2 molecules were added to the cell and were all placed on top of surface threefold-coordinated Al atoms on both sides of the AlN nanotube. At this coverage, the average Al-H and H-H distances are 2.26Å and 0.76Å, respectively, and the computed adsorption energy is −0.20 eV/H 2 (figure 9(a)). When 12 more H 2 molecules were added to the supercell ( figure 9(b) ), the adsorption energy decreases to −0.17 eV/H 2 .
For atomic hydrogen adsorption, we added 48 H atoms to the cell and the optimized average Al-H and N-H lengths are then 1.60Å and 1.03Å, respectively (figure 9(c)). The computed adsorption energy is −3.08 eV/H, close to hydrogen adsorption on AlN nanowires (−3.10 eV/H) at the same coverage. Moreover, it is possible to add H 2 molecules (physisorption) to the chemisorbed AlN nanowire/nanotubes to get a 3.66 wt% storage capacity (see figure S2 available 
Conclusion
In conclusion, DFT computations have been performed to explore the potential of 1D AlN nanowires/tubes as hydrogen storage media. Atomic hydrogen forms a chemical bond with surface Al or N atoms, and attachment to N is more favorable. The hydrogenation at N sites introduces a donor level to AlN nanowires which is mainly concentrated on the nearest-neighboring Al atom of the H-adsorbing N atom in the c direction. The dissociation of H 2 on the surface of an AlN nanowire is allowed thermodynamically, and kinetically the dissociation barrier is as low as 0.76 eV. Overall, 2.44 wt% and 3.66 wt% hydrogen storage capacity can be obtained in AlN nanowires/tubes through the adsorption of atomic and molecular hydrogen, respectively. AlN nanowires/tubes have active sites for hydrogen adsorption and dissociation. AlN nanowires and faceted nanotubes really exist experimentally, though practical AlN nanowires/tubes may have larger sizes than those proposed in our model computations. Practical AlN nanowires/tubes with defects also have active sites for hydrogen adsorption and dissociation. Besides hydrogen storage media, AlN nanostructures may serve as catalysts for hydrogen dissociation or self-catalyst chemical hydrogen storage materials.
